Electrical and structural properties of poly-Si films grown by furnace and rapid thermal annealing of amorphous Si
Dependence of carrier mobility on grain mosaic spread in Š001‹-oriented Si films grown on polycrystalline substrates We studied the dependence of carrier mobility on grain mosaic spread for ͗001͘-oriented, 200-to-400-nm-thick Si thin films grown on polycrystalline metal substrates. The Hall mobility increased from 1% to 23% of that in bulk single-crystal Si with decreasing grain mosaic spread from 14°to 2°. For the same range of parameters, a model combining intragrain and grain boundary scattering yielded a decrease of the energy barrier height from 0.1 eV to less than 10 −3 eV and an accompanying decrease of trap density from 6 ϫ 10 11 cm −2 to less than 3 ϫ 10 10 cm −2 . These results demonstrate that, for polycrystalline Si films, improving the intergrain alignment is an effective and practical alternative to increasing the grain size to achieve enhanced mobility. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.2103405͔ Polycrystalline Si thin films on nonsingle crystalline substrates have been of great interest for applications in thinfilm transistors ͑TFTs͒ and solar cells.
1,2 One of the critical parameters for those applications is the majority carrier mobility, which depends strongly both on the crystalline grain size and on the degree of crystalline perfection. Yet, in the research literature it is the grain size that has been primarily emphasized as the quantity that strongly influences the mobility, with little attention given to the effect of the degree of crystalline order of the grains. Recently, we reported a technique that can grow highly oriented Si thin films on polycrystalline substrates and observed that the mobility of these ͗001͘-oriented Si films depended strongly on the grain mosaic spread, without elaborating on the physical origin of such mobility dependence. 3 In this study, we expand on that experimental work and provide a plausible physical mechanism for the observed dependence of the carrier mobility on the grain mosaic spread.
To study the effects of intergrain alignment on the majority carrier transport, we prepared four series of ͗001͘-oriented Si thin films ͑series A, B, C, and D͒. The Si films were grown on polycrystalline metal tape ͑Hastelloy C-276, 100 m thick͒ using buffer layers composed of ␥-Al 2 O 3 , MgO, Y 2 O 3 , and amorphous Al 2 O 3 .
3 Both Si and ␥-Al 2 O 3 layers in each series were grown at different temperatures to create varying mosaic spread in the Si films. All the layers were deposited by electron-beam evaporation. The amorphous Al 2 O 3 layer ͑50-75 nm͒ was deposited on the metal tape at room temperature as a diffusion barrier for transition metal elements. The following layers, deposited in sequence, were: a Y 2 O 3 nucleation layer ͑5 nm͒ at room temperature, a biaxially oriented MgO layer ͑10 nm͒ with an assist beam of 750 eV Ar + at room temperature, a homoepitaxial MgO layer ͑30-75 nm͒ at 500°C, a ␥-Al 2 O 3 buffer layer ͑40-75 nm͒ at 740-800°C, and a Si layer ͑200-400 nm͒ at 740-770°C. For ex situ doping, two separate boron implants were used at 60 and at 25 keV into the Si layer that was grown with an intrinsic Si source ͑series A͒. Ion implanted Si samples were annealed in vacuum at 900°C for 15 min. For in situ doping, the Si layer was grown with a boron-doped Si source ͑series B, C, and D͒.
The crystallographic properties of the Si layers were analyzed by x-ray diffraction ͑XRD͒. A -2 XRD scan of the multilayer indicated that the MgO, ␥-Al 2 O 3 , and Si layers grew with ͗001͘-orientation perpendicular to the substrate surface. For the Si ͑004͒ reflection, the full width at half maximum ͑FWHM͒ of the rocking curve ⌬ 004 was in the range of 1.10°-6.15°for the series. The fourfold in-plane symmetry of the Si layer was confirmed by XRD scan of the 022 reflection. The average FWHM ⌬ 022 was distributed between 2.20°and 12.30°. The average grain mosaic spread of each sample was analyzed using the total mosaic spread ͑TMS͒ defined as TMS= ͑⌬ x 2 + ⌬ y 2 + ⌬ z 2 ͒ 1/2 , where ⌬ x , ⌬ y , and ⌬ z are tilt along x, tilt along y, and rotation along z, respectively. 3 For the mobility measurements, the Si layer was patterned into bridge-type Hall patterns by standard photolithography and reactive ion etch. The sputtered Al ͑100 nm͒ contact electrodes were patterned by the lift-off technique, followed by annealing in forming gas ͑94% Ar, 6% H 2 ͒ at 350°C for 30 min.
The carrier mobility in a thin semiconductor film ͑ f ͒ differs from the mobility in bulk material ͑ B ͒ if the film thickness is comparable to the carrier mean free path ͑͒, which depends on carrier concentration. 4 Carrier concentrations in our Si film sets were confined to 10 16 -10 17 cm −3 to minimize the variation of . Figure 1 shows the normalized mobility ͑measured Hall mobility f divided by B ͒ as a function of TMS for the four series of Si films. For comparison, a commercially available 0.4-m-thick silicon-onsapphire ͑SOS͒ sample with a doping level of 3 ϫ 10 17 holes cm −3 was patterned and its mobility was measured through the same process. As is shown in Fig. 1, f were included in our earlier publication.
3 ͒ Since mobility can be regarded to vary linearly with the grain size in this range, 5 the factor of 20 change in f / B cannot be dominated by the changes in the grain size. Also, the root mean square surface roughness measured by atomic force microscopy was scattered in the range of 11-28 nm on a 5 ϫ 5 m 2 scale, revealing no significant correlation with f / B . Therefore, we conclude that in our study the effects of grain size and surface roughness were negligible for the observed f / B dependence on TMS.
The effective mobility ͑ eff ͒ in polycrystalline Si can be described by combining the mobility in the grain ͑ G ͒ and at the grain boundary ͑ GB ͒ where G = C B ͑C: constant͒ ͑Ref. 7͒ and GB = CЈqL͑2m * kT͒ −1/2 e −E B /kT ͑CЈ: constant, q: unit charge, L: grain size, m * : effective mass, k: Boltzmann constant, T: temperature, and E B : energy barrier height at the grain boundary͒. 6, 8 Figure 2 shows the measured Hall mobility versus inverse temperature for four Si thin films with varying TMS along with that of the SOS. The dashed lines are curve fits using Eq. ͑1͒, with B based on the expression by Arora et al. 9 In the modeling, CЈ and E B are fit parameters while C, extrapolated from data in Fig. 1 for zero mosaic spread, is fixed at 0.47. For these samples, CЈ was in the range of 0-0.05 and was weakly correlated with the mosaic spread, whereas the energy barrier E B increased monotonically with the mosaic spread ͑Fig. 3͒. In Fig. 2 , the mobility of the SOS sample decreases as the temperature is raised, exhibiting the dominant effect of intragrain scattering. For Si films with TMS less than 5°, the mobility behaves similarly to that of the SOS with negligible contribution of grain boundary scattering ͑E B ഛ 10 −3 eV͒. Our current model and measurements cannot resolve E B less than about 1 meV. However, both the model and measurements allow us to distinguish a transition from intergrain scattering dominated mobility to intragrain scattering dominated mobility with decreasing TMS. It is possible that the mobility of these well-oriented Si films may reach that of the SOS if an improved process could reduce the surface roughness and the level of defects to be comparable to those of the SOS. On the other hand, for Si films with TMS ϳ5°, the mobilities barely increase with temperature, suggesting comparable contribution of intragrain and grain boundary scattering. As the TMS increases further up to 13.75°, the mobilities increase with larger slopes, indicating the dominant contribution of grain boundary scattering. Earlier work has shown that, in polycrystalline Si films with grains of several microns in size, the carrier transport is dominated by intragrain scattering. 10 Our results indicate that enhancing intergrain alignment while keeping the grains small produces effectively the same result that enlarging grain size does. Thus, using well-aligned buffer layers to achieve improved mobility could be considered as an alternative fabrication method in TFT and solar cell applications, where laser annealing or other techniques are typically used to increase the grain size, and thereby the mobility.
If depletion within the grain is negligible, E B can be related to the trap density at the grain boundary Q t as
where 0 is the permittivity of vacuum, Si is the dielectric constant of Si, and N is the carrier concentration. Trap densities calculated using Eq. ͑2͒ are shown with respect to TMS in Fig. 4 , where trap density increases from less than 3 ϫ 10 10 cm −2 to 6 ϫ 10 11 cm −2 with increasing TMS. One possible source for the trapping states is dislocations at grain boundaries since it has been reported that the dislocation density increases with misorientation up to 16°. 11 Another possible source is impurity segregation at grain boundaries: The degree of segregation may be determined by the grain boundary energy, and this is known to increase with misorientation up to 15°. 12 Regardless of the nature of the trapping states, the trap density is expected to increase with grain mosaic spread. Within the scope of our present study, it is difficult to determine with certainty the relative importance of the aforementioned mechanisms.
In conclusion, we have studied the relationship between mobility and grain mosaic spread for ͗001͘-oriented Si thin films grown on polycrystalline substrates. The Hall mobility increased from 1% to 23% of that in bulk single-crystal Si as the grain mosaic spread decreased from 14°to 2°. Based on a model combining the intragrain and grain boundary mobility, we calculated the energy barrier at grain boundaries, which decreased from 0.1 eV to less than 10 −3 eV with decreasing grain mosaic spread. The estimated trap density at the grain boundaries also decreased from 6 ϫ 10 11 cm −2 to less than 3 ϫ 10 10 cm −2 with decreasing grain mosaic spread. These results indicate that improved grain alignment leads to significantly enhanced majority carrier mobility in polycrystalline Si films, with potentially important implications for TFT and solar cell applications. 
